Insufficient insulin secretion and inadequate ␤-cell growth are central components in the pathogenesis of type I and type II diabetes (1, 4, 20, 28, 31) . Several mechanisms have been proposed to explain how new ␤ cells are formed, including replication of preexisting ␤ cells and neogenesis from putative precursors (2, 3, 7, 17) . Many factors influence adult ␤-cell growth, function and survival, including signals generated through the Irs2 branch of the insulin/IGF signaling cascade (14, 29, 30) . Mitogens stimulate progression through the G 1 phase of cell cycle, at least in part by stimulating D-type cyclin gene expression and/or increasing D-type cyclin protein accumulation or activity (22) . D-type cyclins associate with cdk4 or cdk6, which stimulates the kinase to phosphorylate and inactivate the retinoblastoma tumor suppressor protein (pRB) and pRB-related proteins p107 and p130 (22) . The activated cyclin D/cdk4 or -6 complex also promotes cell cycle progression by sequestering the cyclin E-cdk2 and cyclin A-cdk2 complex kip inhibitors (p21 CIP1 , p27 KIP1 , and p57 KIP2 ), which increases cdk2-associated activity in late G 1 and S phase (22) . Moreover, p27 kip is a principal cell cycle inhibitor in ␤ cells, as it accumulates in the nucleus of ␤ cells from obese mice, inhibiting compensatory ␤-cell expansion (27) .
Three structurally similar D-type cyclins (D1, D2, and D3) are expressed in an overlapping and redundant fashion. However, germ line ablation of the D-type cyclin genes reveals tissue specificity for these cyclin isoforms. cyclin D1 Ϫ/Ϫ mice are small, with impaired neuronal, retinal, and mammary gland development (8, 25) . cyclin D2 Ϫ/Ϫ mice display cerebellar abnormalities and impaired proliferation of B lymphocytes (24) . Female cyclin D2 Ϫ/Ϫ mice are infertile due to the inability of the ovarian granulosa cells to respond normally to folliclestimulating hormone, whereas male cyclin D2 Ϫ/Ϫ mice are fertile but have hypoplastic testes (24) . cyclin D3 Ϫ/Ϫ mice display abnormalities in hematological development (23) . Despite these abnormalities, D-type cyclin-deficient mice (missing cyclin D1, D2, or D3) are fairly healthy and have normal life spans. Mice lacking cdk4, which is activated during association with a D-type cyclin, display somatic growth defects similar to those of cyclin D1 Ϫ/Ϫ mice, infertility like cyclin D2 Ϫ/Ϫ mice, and inadequate islet expansion that progresses to diabetes (21, 26) . By contrast, constitutively active cdk4 introduced into the mouse genome-by substitution of Arg-24 to Cys-24 that renders cdk4 insensitive to inhibition by p16 INK4a -expanded the mass of physiologically functional ␤ cells (19, 21) . Moreover, islet-specific rescue of cdk4 disruption prevents diabetes (18) . These pathways appear to be conserved in humans, as adenoviral-mediated cyclin D1 overexpression greatly induced proliferation of human adult islets (6) .
Since D-type cyclin/cdk4 complex activity regulates islet growth, we investigated whether cyclin D1 or D2 contributed to normal islet development, adult growth, and function. Here, we show that cyclin D2 is the main D-type cyclin expressed in islets from adult C57BL/6 ϫ 129 mice that promotes lifelong ␤-cell growth. Although cyclin D2 is absolutely required for ␤-cell growth immediately after birth of backcrossed C57BL/6 mice (13), our results on a mixed genetic background reveal a relaxed requirement for cyclin D2 and the ability of cyclin D1 to support sufficient ␤-cell growth and retard the progression to diabetes until 9 to 12 months of age.
MATERIALS AND METHODS
Abbreviations: CDK, cyclin-dependent kinase; Rb, retinoblastoma-associated protein; IGF, insulin-like growth factor.
Mice. Cyclin D1-, D2-, and D3-deficient mice have been described previously (23) (24) (25) , were maintained on an identical mixed genetic background (C57BL/6 ϫ 129Sv), and were genotyped as described previously. Single knockout mice were interbred, yielding double heterozygous mice. Double heterozygotes were then intercrossed with single or double heterozygotes to yield the main genotypes of this study: wild-type, cyclin D2 Ϫ/Ϫ , cyclin D1 ϩ/Ϫ , and cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice. Mice were maintained at a nonbarrier animal facility in the Harvard School of Public Health and the Dana Farber Cancer Institute and fed Mouse Diet 5020 9F (PMI Nutrition International, Richmond, Indiana) (9% fat calculated by weight, 21.6% fat calculated by kilocalories). Genotyping of animals was done by PCR, as described previously. Male mice were used to characterize glucose homeostasis phenotypes and pancreatic pathology. Random-fed glucose and insulin measurements were performed as previously described. Intraperitoneal glucose tolerance tests were performed on mice fasted for 15 to 16 h with 2 g D-glucose per kg of body weight as described previously (16) . Intraperitoneal insulin tolerance tests were performed on fed mice with 1.5 U/kg, similar to previously described methods (16) .
Statistics. All results are reported as means Ϯ standard errors of the means (SEM) for equivalent groups. Results were compared with independent t tests (unpaired and two-tailed) reported as P values.
Reverse transcriptase PCR (RT-PCR).
Islets were isolated from 6-week-old male wild-type mice with Collagenase P (Liberase RI; Roche Diagnostics Corporation, Indianapolis, Indiana) digestion, and total RNA was extracted with Trizol (GIBCO BRL; Life Technologies Inc., Grand Island, New York) and RNeasy (QIAGEN Inc., Valencia, California) columns. cDNA synthesis was performed using a RETROscript kit (Ambion Inc., Austin, Texas), and then real-time quantitative dual fluorescently labeled FRET PCR (50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 seconds, 60°C for 1 min) was performed with an ABI 7900 real-time PCR thermal cycler (Applied Biosystems., Foster City, California) to amplify samples in triplicate for the Cyclin D1, Cyclin D2, and Cyclin D3 genes. Primers were as follows: Cyclin D1 forward, TCCGC AAGCATGCACAGA; Cyclin D1 probe, 6-carboxyfluorescein (FAM)-CTTTG TGGCCCTCTGTGCCACAGA-6-carboxytetramethylrhodamine (TAMRA); Cyclin D1 reverse, GGTGGGTTGGAAATGAACTTCA; Cyclin D2 forward, GCTCTGTGCGCTACCGACTT; Cyclin D2 probe, FAM-AAGTTTGCCATG TACCCGCCATCG-TAMRA; Cyclin D2 reverse, CACGCTTCCAGTTGCAA TCA; Cyclin D3 forward, TGATTGCGCACGACTTCCT; Cyclin D3 probe, FAM-TGATTCTGCACCGCCTGTCTCTGC-TAMRA; Cyclin D3 reverse, CA AAGCCTGCCGGTCACT; cyclophilin forward, CAGACGCCACTGTCGC TTT; cyclophilin probe, FAM-CCTACACCCGGGCGCAGCTG-TAMRA; cyclophilin reverse, TGTCTTTGGAACTTTGTCTGCAA. A standard curve was generated for each primer-probe set by quantifying PCR product with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, Delaware) and performing an additional round of amplification on diluted samples across a wide range. For each gene, six replicate gene expression values were measured using equal amounts of wild-type islet cDNA and were reported as mean Ϯ SEM. To compare D-type cyclin mRNA expression between cyclin D2 Ϫ/Ϫ mice and wild-type mice, islets were isolated from four animals, RNA was extracted, and cDNA was made as described above, followed by triplicate reactions for cyclin D1, D2, and D3 as well as cyclophilin as a control. Relative gene product amounts were reported as means Ϯ SEM for four animals for each gene expressed as percent wild-type gene expression compared to cyclophilin.
Immunohistochemistry and islet morphometry. Immunohistochemical localization of antigens and double-labeled immunohistochemistry were performed similarly to previously described methods (16) . Pancreas samples were dissected from fed mice and fixed with 4% paraformaldehyde/phosphate-buffered saline solution overnight. Five-micrometer longitudinal sections of paraffin blocks were rehydrated with xylene followed by decreasing concentrations of ethanol, microwaved in 0.01 M sodium citrate (pH 6.0) for 20 min, and permeabilized with 1% Triton X-100 in phosphate-buffered saline prior to primary antisera incubation. Guinea pig anti-insulin, rabbit anti-glucagon antibodies (Zymed Laboratories Inc., South San Francisco, California), mouse anti-cyclin D2 (MS221-P, Neomarkers Inc., California), and rat anti-BrdU (BU1/75, Accurate Chemical, Westbury, NY) were used as primary antibodies. Secondary antibodies were labeled with Cy2 or Cy3 (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania). Nuclear staining was performed on some sections with DAPI (4Ј,6Јdiamidino-2-phenylindole) (Molecular Probes, Eugene, Oregon) when appropriate. ␤-Cell area was measured by acquiring images with a Zeiss Axiovert microscope or with a Zeiss Axioskop 2 plus mot (Carl Zeiss MicroImaging, Thornwood, New York) and captured with a Hamamatsu Orca or Orca ER digital camera at ϫ10 from at least 20 total adjacent nonoverlapping images of two insulin-stained sections at least 300 microns apart. To measure ␤-cell area, islet size, and islet density, at least four pancreata were photographed: 3-monthold wild-type (n ϭ 4) pancreata, 200 total islets in 137 fields; 3-month-old cyclin D2 Ϫ/Ϫ mice (n ϭ 5), 153 total islets in 142 fields; 3-month-old cyclin D1 ϩ/Ϫ mice (n ϭ 4), 270 total islets in 223 fields; 3-month-old cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice (n ϭ 5), 239 total islets in 195 fields; 9-to 12-month-old wild-type (n ϭ 5) pancreata, 470 total islets in 232 fields; 9-to 12-month-old cyclin D2 Ϫ/Ϫ mice (n ϭ 11), 711 total islets in 498 fields. Images were analyzed by measuring ␤-cell area of all visible multicell islets with Open Lab software similarly to previously published studies (16) . Results of ␤-cell quantification were expressed as the percentage of the total surveyed area containing cells positive for insulin. Islet density and size were calculated from captured insulin-stained images. Results from cyclin D2 Ϫ/Ϫ mice and cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice were compared with independent t tests (unpaired two-tailed) and reported as P values. ␤-Cell to ␣-cell quantification was performed on insulin-and glucagon-stained sections from 9-to 12-monthold wild-type and cyclin D2 Ϫ/Ϫ mice. At least 20 random islet sets of images per mouse, four mice per genotype, were acquired with a 20ϫ objective and analyzed by totaling the sum area of insulin or glucagon content for each mouse. Results were reported as means Ϯ SEM and were compared with independent t tests (unpaired two-tailed) expressed as a P value.
Neonatal islet morphometry studies were performed similarly to adult studies, with insulin-immunostained pancreatic sections isolated at postnatal day 5 with at least two cross-sectional pictures taken from five animals per genotype. Crosssectional ␤-cell and pancreatic area were calculated, and ␤-cell area was reported as a percentage of total pancreatic area.
␤-Cell proliferation studies were performed by injecting 16-day-and 3-monthold mice with BrdU (Roche) (100 g/g of body weight) 6 h prior to sacrifice. Triple-label DAPI/insulin/BrdU immunohistochemistry images were acquired from rehydrated paraformaldehyde-fixed paraffin-embedded sections. Images of each islet per section were acquired at ϫ20 or ϫ40. BrdU-positive ␤-cell ratios were calculated as the means Ϯ SEM of BrdU-positive ␤ cells over total ␤ cells per section, two sections per animal, at least 1,000 nuclei per animal, three to four animals per genotype. In pancreata from cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice at 3 months only 300 to 400 nuclei per animal were typically counted, due to greatly smaller islet size.
Apoptosis analysis was performed on pancreas sections from 3-and 12-monthold mice by the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) method using Cy2-labeled reagents (Roche) on rehydrated and trypsin-predigested pancreas sections. Sections were subsequently stained for insulin and Cy3 secondary stained with appropriate antisera, as described above. All visible islets per pancreatic section (four sections per animal, four animals per genotype) were analyzed for the presence of TUNELinsulin copositive cells within the islet.
RESULTS

Analysis of D-type cyclin content in islets.
To determine the expression pattern of D-type cyclins in pancreatic islets, we analyzed isolated adult mouse islet mRNA content by RT-PCR. All three D-type cyclins were detected, but cyclin D2 was expressed at 10-fold-higher levels than cyclin D1, with cyclin D3 expressed at far lower levels than cyclin D2 or D1 in the basal state (Fig. 1a) . Immunohistochemistry studies with specific monoclonal antibodies revealed that cyclin D2 is coexpressed with insulin within islets of adult pancreata with mostly cytoplasmic staining (Fig. 1b) . These studies suggest that cyclin VOL. 25, 2005 CYCLINS D2 AND D1 ARE REQUIRED FOR ISLET GROWTH 3753 D2 in particular could play some important role in islet function, but do not rule out a role for cyclins D1 and D3, as they could be induced in normal or pathological islet growth. Islet development in compound D-type cyclin mice. To investigate the role of D-type cyclin function in islet physiology, we examined pancreas sections from compound D-type cyclin knockout mice at postnatal days 5 and 16. Disruption of the cyclin D1 and/or cyclin D2 genes had no effect upon the number or size of islets. Moreover, compared to wild-type mice, cyclin D2 Ϫ/Ϫ mice, cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice, and cyclin D1 Ϫ/Ϫ D2 Ϫ/Ϫ mice had islets of equivalent sizes and distributions at 5 and 16 days with normal-appearing ␤-cell and ␣-cell morphology (Fig. 2a) . Morphometric analysis of pancreata-measured by ␤-cell area normalized to total pancreas area-confirmed that newborn (P5) cyclin D2 Ϫ/Ϫ mice and cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice have ␤-cell area that is equal to cyclin D1 ϩ/Ϫ mice or wild-type controls (Fig. 2b, c) 
D2
Ϫ/Ϫ mice die before or soon after birth, the few that lived to 16 days had euglycemic random-fed blood glucose values. Given the lethal phenotype of cyclin D1 Ϫ/Ϫ D2 Ϫ/Ϫ mice, it is possible that cyclins D1 and D2 could have some role in neonatal ␤-cell function. Nonetheless, our data suggest that cyclins D1 and D2 are not absolutely required for embryonic ␤-cell development.
Body composition and glucose homeostasis in cyclin D2
؊/؊ mice. At 3 months, cyclin D2 Ϫ/Ϫ mice had normal body weights and normal fasting and fed blood glucose values (Table 1 and  Table 2 ). However, 3-month-old cyclin D2 Ϫ/Ϫ mice were glucose intolerant following intraperitoneal glucose challenge (Fig. 3a) . At 9 to 12 months, cyclin D2 Ϫ/Ϫ mice developed diabetes with fasting and random-fed hyperglycemia (Table 2) ; glucose tolerance tests confirmed deteriorating glucose homeostasis (Fig. 3b) . By comparison, intraperitoneal insulin tolerance tests showed that young and old cyclin D2 Ϫ/Ϫ mice have normal peripheral insulin sensitivity (Fig. 3c-d) . By 9 to 12 months of age, cyclin D2 Ϫ/Ϫ mice exhibited relative fasting and fed hypoinsulinemia compared to the small cohort (5 mice) of wild-type mice (Table 2) . cyclin D2 Ϫ/Ϫ mice failed to gain weight at 12 months, confirming the progression to diabetes (Table 1) . Thus, cyclin D2 is important for compensatory insulin secretion needed to maintain glucose homeostasis as mice age but is not required for peripheral insulin action. In comparison to published reports of the severely diabetic cdk4 Ϫ/Ϫ mice (21, 26) , the mild diabetic phenotype of cyclin D2 Ϫ/Ϫ mice suggested that another D-type cyclin could have an accessory role in adult postnatal islet growth in the absence of cyclin D2.
Complementary roles of cyclins D1 and D2 to promote glucose homeostasis. To determine whether cyclin D1 contributes, albeit insufficiently, to the growth of cyclin D2 Ϫ/Ϫ ␤ cells, we generated cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice and cyclin D1 Ϫ/Ϫ D2 Ϫ/Ϫ mice. Disruption of a single cyclin D1 allele had little effect on glucose homeostasis: cyclin D1 ϩ/Ϫ mice were euglycemic with normal fasting and fed blood glucose despite low serum insulin values (Table 2) . By contrast, cyclin D1 ϩ/Ϫ
D2
Ϫ/Ϫ mice displayed profound abnormalities in glucose homeostasis with severe fasting and random-fed hyperglycemia and death by 4 months of age from uncontrolled diabetes despite normal fasting and random-fed serum insulin levels ( Table 2) . As a result, glucose tolerance was severely compromised in cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice by 3 months of age (Fig. 4a ). Severe diabetes of cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice is most likely due to defective insulin secretion and not altered peripheral insulin action: cyclin D1 ϩ/Ϫ mice have normal peripheral insulin sensitivity, similar to cyclin D2 Ϫ/Ϫ mice (Fig. 4b) . Compared to cyclins D2 and D1, cyclin D3 appears to be less important for adult regulation of glucose homeostasis, as cyclin D2
mice displayed a slow progression to diabetes that resembled cyclin D2 Ϫ/Ϫ mice (data not shown).
Islet histology and ␤-cell replication of D-type cyclin knockout mice. Histological examination revealed that ␤-cell mass in cyclin D2
Ϫ/Ϫ mice-estimated by ␤-cell area normalized to total pancreas area-was near normal at 3 months (nonsignificant decrease of 30%, P value 0.1) but decreased by 70% at 9 to 12 months of age (P Ͻ 0.01) (Fig. 5a, c) . Mean islet size was slightly decreased in young cyclin D2 Ϫ/Ϫ mice compared to wild-type controls but greatly decreased as cyclin D2 Ϫ/Ϫ mice aged (Fig. 5d) . ␤-Cell to ␣-cell area ratio was reduced by ϳ50% in cyclin D2 Ϫ/Ϫ mice at 9 to 12 months of age compared to wild-type controls (wild type, 10.9%Ϯ1.94; cyclin D2 Ϫ/Ϫ , 4.9%Ϯ1.1; P ϭ 0.036). Thus, our results suggest that loss of cyclin D2 results in a ␤-cell-specific islet growth defect.
Consistent with early onset diabetes, cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice had profoundly abnormal islet histology with very small islets with few ␤ cells and increased proportions of glucagoncontaining ␣ cells; ␤-cell area and mean islet size were reduced more than 80% compared to wild-type controls (Fig. 5a, c, d ).
In comparison, cyclin D1 ϩ/Ϫ mice had normal islet histology, ␤-cell area, islet size, and islet density. Islet densities-measured by islets counted per pancreatic cross-sectional areawere equivalent in cyclin D2 Ϫ/Ϫ mice, cyclin D1 ϩ/Ϫ mice, and cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice at 3 months and only slightly decreased in older cyclin D2 Ϫ/Ϫ mice compared to wild-type controls (Fig. 5e) . ␤-Cell neogenesis has been speculated to arise from differentiation and proliferation of insulin-positive pancreatic ductal cells (3). However, this pathway does not appear to be induced in the absence of D-type cyclins, as insulin-positive pancreatic ductal cells were extremely rare in adult pancreata of all genotypes.
Since cyclin D1 and D2 are expected to promote cell cycle progression, we examined ␤-cell proliferation by performing BrdU labeling at 16 days of life. Interestingly, pancreas sections from wild-type and cyclin D2 Ϫ/Ϫ mice displayed equal numbers of insulin and BrdU copositive cells (Fig. 6a, b) . By contrast, ␤-cell proliferation was barely detected in cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice at 16 days of age (Fig. 6a, b) ; when D-type cyclin activity drops below a critical level ␤-cell duplication is almost totally ablated. Cyclin D2-dependent proliferation effects in the pancreas appear to be limited to ␤ cells and not the exocrine compartment: pancreatic acinar cells of wild-type, cyclin D2 Ϫ/Ϫ , cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice contain equivalent rates of BrdU-positive cells at 16 days (Fig. 6a) . By 3 months ␤-cell proliferation was extremely low in cyclin D2 Ϫ/Ϫ mice in comparison to wild-type mice or cyclin D1 ϩ/Ϫ mice and not detected at all in cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice (Fig. 6c, d ). Thus, cyclin D2 is essential for adult ␤-cell growth, and cyclin D1 plays a critical accessory role to promote early postnatal ␤-cell replication.
While proliferation pathways seem to be highly dependent on cyclins D2 and D1, islet antiapoptosis pathways could also be influenced by D-type cyclin function. To examine apoptosis we performed TUNEL (terminal deoxynucleotidyltransferasemediated dUTP-biotin nick end labeling) staining of pancreata from various genotypes in young and old mice. TUNEL-positive ␤ cells per islet were very rare but present at roughly equivalent rates in wild-type, cyclin D2 Ϫ/Ϫ , and cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice at 3 months (Table 3 ) and wild-type and cyclin D2 Ϫ/Ϫ mice at 9 to 12 months (Table 3) . Thus, changes in apoptosis are unlikely to contribute to the loss of ␤-cell mass in 9-to 12-month-old cyclin D2 Ϫ/Ϫ mice. D-type cyclin gene expression in cyclin D2 knockout mice.
Defective postnatal islet growth of cyclin D2
Ϫ/Ϫ mice would suggest that D-type cyclins have specific and noninterchangeable roles to promote islet growth, with cyclin D2 islet gene expression regulated in unique ways compared to cyclins D1 and D3. To test this hypothesis we performed D-type cyclin gene expression analysis in islets from wild-type and cyclin D2 Ϫ/Ϫ mice. cyclin D1 and D3 mRNA expression failed to increase in islets from cyclin D2 Ϫ/Ϫ mice above the level expressed in islets from wild-type controls (Fig. 7) . Therefore, islet D-type cyclin expression appears to be overlapping but nonredundant, with islet cyclin D2 mRNA expression regulated in unique ways compared to cyclins D1 and D3.
DISCUSSION
Cyclin D2 is essential for normal postnatal islet growth and glucose homeostasis throughout adult life. This requirement was best revealed by cyclin D2 Ϫ/Ϫ mice, which progress to diabetes due to altered ␤-cell replication and inadequate ␤-cell mass. Previous studies of cyclin D2 Ϫ/Ϫ mice on a C57BL/6 genetic background indicated an absolute requirement for cyclin D2 after birth (13) . However, our studies of cyclin D2 Ϫ/Ϫ mice on a C57BL/6 sv129 genetic background indicate that cyclin D1 partially compensates for the absence of cyclin D2: cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice have a much more severe islet growth deficiency that causes death from uncontrolled diabetes by 4 months of age. Cyclin D3 does not appear to be nearly as important as cyclins D2 and D1 to promote islet function, as Ϫ/Ϫ D2 Ϫ/Ϫ mice (5). Cyclin D3 and/or Etype cyclins apparently compensate for the absence of cyclins D2 and D1 during ␤-cell development. Considerable evidence suggests that D-type and E-type cyclins have overlapping roles in development. Without all three D-type cyclins or without E type cyclins embryos develop normally, although specific fatal defects occur in cardiovascular and hematological development or placental development (12, 15) . Moreover, genetic substitution of cyclin E1 in the cyclin D1 locus completely rescues the somatic growth and other defects characteristic of cyclin D1 Ϫ/Ϫ mice (10) . Similarly, disruption of the cyclin E/cdk2 inhibitor p27 KIP1 rescues the phenotypes of cyclin D1 Ϫ/Ϫ mice (11). Thus, the combined effects of D-type and E-type cyclins could promote cell cycle progression of embryonic ␤-cell precursors, as is the case for most somatic tissues.
Cyclin D2 appears to take on an important role in islet growth as our male mice age. cyclin D2 Ϫ/Ϫ mice have normal ␤-cell replication at 16 days of life, but ␤-cell replication is extremely low by 3 months when ␤-cell mass begins to decrease relative to wild-type mice. Cyclin D1 and Cyclin D3 appears to be sufficient for ␤-cell growth in middle-aged cyclin D2
Ϫ/Ϫ mice. However, cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice display profound defects in glucose homeostasis, owing to impaired islet growth consistent with undetectable adult ␤-cell proliferation. Superimposed cyclin D1 haploinsufficiency on cyclin D2 knockout mice apparently drops islet D-type cyclin activity below a critical threshold that reduces adult ␤-cell proliferation. As mice age cyclin D2 assumes an essential role to promote ␤-cell replication, and islet mass of adult cyclin D2 Ϫ/Ϫ mice fails to grow and expand to compensate for increased peripheral insulin resistance. Importantly, our studies cannot differentiate the source of adult ␤-cell growth. BrdU-positive ␤ cells could represent ␤-cell replication, as recently reported by Melton and colleagues (7) . Alternatively, ␤-cell neogenesis might also occur, as suggested previous studies of our group and others (3, 17) . Representative islet histology from pancreas sections from 3-month-old male mice. Hematoxylin and eosin (H&E) staining at ϫ5 (furthest left panels) and at ϫ40 (second from left panels). Immunostaining with antibodies against insulin (green) and glucagon (red) at ϫ5 (second from right panels) and at ϫ40 (furthest right panels). Scale bars: 100 m. (b) Representative islet histology from pancreas sections from 9-to 12-month-old male mice. Hematoxylin and eosin (H&E) staining at ϫ5 (furthest left panels) and at ϫ40 (second from left panels). Immunostaining with antibodies against insulin (green) and glucagon (red) at ϫ5 (second from right panels) and at ϫ40 (furthest right panels). tes by 12 weeks due to defective ␤-cell growth that was apparent almost immediately after birth: ␤-cell proliferation at 4 days of life was undetectable, and ␤-cell mass was decreased at 14 days of life (13) . Based on their results the authors conclude that cyclin D2 is essential for normal postnatal ␤-cell growth. While cyclin D2 is clearly an important element in postnatal ␤-cell expansion, our results show that other mechanisms can compensate for the absence of cyclin D2. cyclin D2 Ϫ/Ϫ mice on a C57BL/6 sv129 genetic background have normal early postnatal ␤-cell proliferation which ceases by 3 months of life, causing eventual diabetes. Our findings of intact ␤-cell proliferation in 16-day-old cyclin D2 Ϫ/Ϫ mice but ablated proliferation in cyclin D1 ϩ/Ϫ D2 Ϫ/Ϫ mice show that cyclin D1 contributes to ␤-cell expansion in C57BL/6 sv129 genetic background mice. Although all three D-type cyclins are expressed in adult islets, there is no compensatory up regulation of cyclins D1 and D3 in cyclin D2 Ϫ/Ϫ mice. Thus, our studies support the unique role of cyclin D2 to promote ␤-cell proliferation throughout adulthood and reveal that cyclin D1 signaling can compensate in cyclin D2 Ϫ/Ϫ mice. In summary, our results point to the existence of a highly regulated postnatal islet growth pathway that integrates mitogenic stimuli with D-type cyclin/cyclin-dependent kinase function in islets, allowing metabolic requirements to be closely matched to insulin secretion capacity over a wide dynamic range. Outstanding issues include how cyclin D2 is regulated in islets, although recent evidence suggests that growth hormonemediated islet growth may involve STAT5 regulation of the cyclin D2 promoter (9) . Future studies will be aimed at identification of the upstream and downstream components of cyclin D2-dependent islet growth. Efforts to better understand the regulation of these pathways could lead to a better understanding of the regulation of islet growth and function in general, which will hopefully result in the development of novel classes of treatments for diabetes patients.
FIG. 7. D-type cyclin mRNA expression in pancreatic islets from cyclin D2
Ϫ/Ϫ mice and controls. TaqMan RT-PCR of cyclin D1, D2, and D3 with islet mRNA from male cyclin D2 Ϫ/Ϫ mice (n ϭ 4) and wild-type controls (n ϭ 4) at 6 weeks of age. Data are normalized to cyclophilin gene expression and expressed as means Ϯ SEM. 
